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ABSTRACT

A lov temperoture (200° - 1400°C) and a high temperature (10C0° -
2000°C) thermal diffusivity apparatus is described, The high temperature
apparatus incorporotes a low temperature as well as o high temperature furnace,
so that it 1s possible to measure two sets of thermnl constonts, one at each
temperature all with the same set-up, In additicu to thermel diffusivity,

this apparotus will measure Biot's modulus and surface heat transfer coefficient,
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Introduction

The development of new power plants for high speed airoraft and (ther
types of propulsion equipment has made the measurement of thermal constants at
high temperatures increasingly immortant. Probably of foremost interest in the
cield of high temperature constants is that of thermal conductivity or thermal
diffusivity. A knowlcdge of exactly how heat is distributed threugh construction
materials for these power plants is essential, for withcut this knowledge it is
impossible to construct compsnents which will be compatable throughout regarding
heat distribution.

Unsteady state methods for measuring thermal constants offer several
advantages over the steady state methods, Consequently an unsteady method was
devised for measuring thermal constants over a wide temperature range. This
method has been described by H. S. Levinet. It is this method which has been
employed for measuring thermal diffusivity over two rangese The first frem
approximately 200 to 1L400°C and thc second from 1000 to 2000°C,

One of the principle diffi~ulties in obtaining reliable dita from this
method has been that of obtaining the exact experimental conditiers postulated
by the theory, Thc furnaces described in this paper are the sutcome of an investi-

gation concerning the proper manner of meeting the boundary condtions postulated.

Furnacc Construction

The first thermal diffusivity apparatus was uscd for the lower tempcr-
ature range, i.e,, 200 - 1400°C. All of the first experiments were made on this
furnace with a view towards possible improvcments both on this unit and a later
modcl which could be uscd at higher temperatures, The sccond thermal dif fusivity
apparatus was constructed incorporating the above mentioncd improvements but with

the same general principle as the first,
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I. Construction of the Low Temperaturc Thermal Diffusivity apparatus,

Figure 1 indicates the furnace assembly used for the low temperature
thermal constants measurements. This furnace was briefly described by He S. Levinel,
As the drawing indicates, it is a Harper Electric Globar furnace which was converted

for this special application. As received this inverted pit type furnace had a

removable hearth. That is, the racking device could be used to remove the entire
bottom of the furnace to facilitate the lcading and unloading of buiky materiale
A new hearth was constructed exactly similar te the original except with a hole
1 7/16" in diameter along its center axis, This hearth was bclted into permanent
position blecking off the bottem of the furnace. A movable pedestal was replaoed 4
on the racking device in such a position that the pedestal could be moved threugh
the hole in the hearth to the desired position by simple oranking of the racking
devicce Also as received this furnace had six globars, three on each side stacked
vertically, After exploration of the interior of this furnace under heating con-
ditions it was found desirable to move fhe top two globars inward toward the center
line of the furnace approximately 1 1/2" to facilitate even distribution of héat
throughout the chamber.

Mcasuremcnt of thermal constants have been made using this deviee up to
lhOO'C, and could possibly be used successfully up to 1500°C. However, in view
of the fact that data were desired at tcmperatures well in excess of even 15009C
it was felt that an entirely new sct-up should be devised which would allow for
the higher temperature measurcments as well, The new set~up was to incorporate
several improvements, making the device more convenient to operate as well as

perhaps meeting the boundary condition somewhat betiers
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II. Construction of the High Temperature Thermal Diffusivity Apparatus,

Levinets unsteady state method of measuring thermal constants becomes
more precise the greater the temperature difference between the starting and final
temperature, if all of the boundary cenditions are satisficd, However, as this
temperature difference becemes greater the diffisulties involved in making the
measurements of temperature rise on the thermocouple become greater, Also, as
the temperature difference becomes greater so also does the thermal shock em the
Specimen and ether parts of the system being plﬁnged inte the hot medium, For
this reasbn two furnaces were required in the set-up, one which could be operated

-~

at an intermediate tempcrature as well as one for high temperature,

Upon exploring the ﬁoseibilities of eonstruction of these two furnaces
many factors required consideration, especially as they concerned meeting with
the proper postulated boundary conditions. They weres

Relative position of the furnaces,

Effective size and shape ef the heating chanbers,

Heating systems to be used in furnaces,

Effect of protective atmosphere, if necessary,

Method of quickly plunging the specimen first into one furnaoe
then into the other,

Temperature measuring device in furnaces and inside the specimen
suitable for this temperature range,

Relative expense of the unit,

Relative Positisn of the Furnaces = The original set-up, described in the earlier

section, was constructed so that the Specimen could be moved upward in*c the furnace

chamber., This system was found to have many advantages; such as, being able te keep

the specimen (in the shape of a semi-infinite c¢ylinder) upright on the pedestal with

only the thermocouple holding it in place, that is, requiring no cementing, and

doiba
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With these features in mind it was considered advisable to construct the second
device in 2 similar manner. This situation required that the lower temperature
furnace be at the bottom and the highar temperature furnace 2t the top separated
by as small a distance as possible so that no temperature drop would be obtained in
passing between the furnace. Figure 2 illustrates the high temperature thermal

diffusivity apparatus.

Effcctive Size and Shape of the Heating Chamber - The size and shape of the

specimen required consideration first before the dimensions of the heating chamber
could be established, Again it was hecessary to draw on information from the first
unit for this consideration. A specimen 1 1/8" in diameter by 3 1/2 to L" leng had
been used in the first measurements, This sizc and shape specimen had been found
to obey the conditions of the semi-infinite cylinder when supported on a pedestal
from below, the pedestal being used in part to extend the specimen in the one
infinitc direction. A consideration was given to thc heat conduction equation for
other regularly shaped specimens; and it was found that the heating boundary con-
ditions could probably best be satisfied using this same size and shaped specimen
if a cylindrically shape.d heating chamber of the right dimcnsions and heat oapacity
was useds For this reason, tublar furnaces were constructed having a three inch

inside diameters and 10 to 12 inch heating lengthse.

Heating System to be Use? in Furnaces - After the desirable size and shape of

furnaces was determined it was necessary *o obtain the proper heating system for
these chamberse The lower tcmpcraturc furnace required very 1little consideration,
The temperature required in this furnace would be relatively low, approximately
1100°C maximum. A wire wound tube furnace was constructed using number 15 gauge
Kanthal A-l wire. The wire was wound on a Norton RA 164 tube with 3" I.D., 3 7/8n

O¢De and 21" longe The wirc was cemented in place using RA 563 Norton cement,

L et Tt 0 At R U B B 0 g i n s T B0 s S




This element was heated using a simple auto type transformer. The heating element
was surrounded by a 2" layer of alumina bubbles and thesze surround by (light
powdered) Mg0 insulation, the whole being contained in a 16 gauge stainless sieel
drum, 18" 0.D. and 16" longe Attached tc the bottom of this furnace is a water
cooled ring with a gas exhaust used for cooling the gas seal, Attached to the tep
of the furnace is a gas intake system,

The vpper, high temperature, furnace required much more consideration as
this was to be operated above the normal heating range. One of the simplest manners
of obtaining a cylindrical heating chamber is to make thc heating element itself
in this shapes Upon considering thc heating elemente which céuld be used in the
1800 - 2000°C &+ range and which might be used to obtain this shape of heating
chamber, it seemed that either carbon or graphite was the logical solution, if the
proper protective atmosphere could be tolerated. Also entering this consideration
comes other things such as, the distribution of heat in the control zone, the power
necessary %o hcat such a chamber, the manner of delivering this power to the heating
elements, the control of tcmperature and the influence of possible carbon fumes en
the experiment, After considering these problems the following solution was
obtained. A graphite tube was shaped so that a uniform heating chamber coulc be
obtained in the center at least L - 6" long using a total of 12" of heating length,
this tube to be hecated by electrical resistance. An extruded graphite cylinder Low
long was obtained having a 3% hole drilled through the center and 6 1/8" 0.D. The
ends were machined to exactly é" diameter to fit the bronze terminals accuratelys
The purpose being that there should be intimate contact with the terminals to
insure geod eiectrical contact with the transformcr leads. The 12" section in the
middle of the resistor was turned to a LY diameter making a higher resistance in
this section for the heating zone. This scotion was turned with a large radius to
maintain as much strength as possibles. From the resistivity of this graphite tube
the transfermer power supply specifications were drawn. A transformer was obteined

having the following specifications:



0-10 Volt secondary in 2 volt steps

5000 amps maximum secondary

10 Volts maximum secondary
This amount of current required a rather sizable lead to the furnace, In addition,
the lead needed to allow for expansion of the graphite tube during heatinge For
this purpose a laminated lead was constructed using thirty-five, L 1/L" x 0,021*
(2h gauge) or copper straps fastencd together, The terminals used to connegt the
transformer leads to the graphite resistor were made of bronze castings because of
the high conductivity of the copper in the bronze. The casting was split and two
pieces brazed inic position at the split to provide a means of clamping onte the
graphite resistor. A brass strap was brazed around the outside to provide a closed

space in the terminal for cooling water to run, When the casting was bored to the

6% diameter, the castings proved to be porouse To eliminate the leaks 2L gauge
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specimen, a combination gas part and radiation baffle of graphite was placed in
the top portion of the heating zone. The thin graphite baffle when heated served
to distribute the heat more evenly to the top of the specimen. The radiation baffle
support was necked down in the middle so that heat would not be conducted away too
rapidly.

Around the graphite resistor was placed powdered carbon insulatiocne The
whole was contained in a 16 gauge stainless steel drum with convenience cpenings
to load and unload the carbon insulation.

The graphite resistor when the furnace is cold, hangs from the clamped

top terminal, The resistor cxpands during heating so that the lower end rests on
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the top of the radiation damper and any further expansion jus' causes the upper
terminal to rise., This was done so that there wouldn't be an excessive loadirng
on the lewer furnace assembly all of the time still a rather tight seal would be

accomplished during the testing period,

Effect of Protective Atmosphere, if Necessary - Protective atmospheres must be

used if oxidation of the graphite pa

=
o+

s is tc be elininateds This requires that a
rather tight system must be maintained at all times during operaticn: A seal is
maintained at these poinuts threughout the system: At the tor ef the upper furnace
by a graphite washer, at the bettom of the top furnace by'a machined transite washer
between the graphite tube and the machined top of the radiation damper, at the bottem
of the radiation damper by a machined fit between the damper and the top of the
lower furnace collar, (Another gas intake is preovided at this peint to insure
sufficient protection to all of the parts in the lower furrace), and at the bottom
of the bottom furnace by a stopper which is fitted around the specimen suppert and
into the water cocled ring: A gas ¢xhaust ic supplied in the water ceeled ring
also. The upper and lewer furnace tubes will contain the protective atmosphere

if an ample flow is provided as they are sufficiently non-porous at their eperating

temperatures,

Methsd of Quickly Plunging the Specimen First Into One Furnace Then into Other -

The support which carries the specimen into the furnaecs must be capakle
of withstanding all of the conditions of beth furnaces, For this rcason the suppcrt
was also made of graphite, for this was the only practical material which would
withstand all conditions, including the very sever thermal shock and high temper-
atures of the upper furnace. This however, did necessitate placing a protective
;tmosphere in the lower furnace. Becausc of the need for an protective atmosphere
in the lower furnace and because of the.wvery high radiation affect from the upper

furnace a radiation damper was placed between the two furnaces. This damper was



provided with a sliding (maehined fitted) steel plate in it with a 3" hole in one
end and solid on the other so that quick access to the upper turnace could be
obtained.

The graphite specimen support is provided with a hollew center se that
the thermocouple and protective insulation may be passed through it, The entire
tube assembly is carried on a pedestal carriage. The carriage and racking devioe
for the carriage is mounted on the same framework as the twe furnaces; The
framework provides a track for the carriage rollers and ensures that the pedestal
can be moved along the central axes of the twe furnaces. The carriage is counter-
weighed over the racking device so that the assembly may be moved up and down
easily and will remain at any set postion. A gas intake is provided at the base
of the graphite tube specimen support to supply a protective atmosphere to the
inside of the tmbe and to the thermocouple. A gas seal is maintained at all points

surrounding the base of this tube below the point at which the gas is introduced,

Temperature Measuring Dcvices in Furnace and Inside the Specimen, Suitable for This

Temperature Range « Probably the most convenient method of measuring temperatures

in the 1800 - 28020°C range is by thc usc of an optical er radiation pyrometer,
Because the temperature must be knovn at a point within the sp.ocimen at such a
great distance from thc outside of the furnace these methods are not suitable. A
thermocouple is the logical solution t# this problem if one may be uscd which will
measurre the high temperature and still not bc "lest®? during the run. There.are
several metal combinations that may be used in this range, however, everything
eonsidered the tungsten - molybdenum thermocouple combination was the one selected
for use, Although this metal combination docs not have a high e.m.fs - temperature
coefficient and in fact does not even have a position coefficient at all temper-
aturcs, and rcquires a protective atmospherc during heating; it may be calibrated

and used satisfzctorily in this application?. Also the lowcr cost of these metals



allowes one to connect the couple directly to the measuring means and to replace
the thermoccuples frequently.

The selection of a thermocouple aiways brings with it the seleotion of
the insulating material to be used with it Again the commcn materials are not
designed for this elevated temperature and a selection must be made considering
not only the usable temperature range of the material, but the reactivity of the
thermocouple and the specimen with that material at the elevated temperature. For
the tests to be conducted in the temperature range up to 1950°C a very pure alumina
was chosen, Both the temperature requirements and reactivity was satisfactory if
the insulator was changed frequently. The Morganite Cempany of England was able
to supply these insulators at a cost which allowed frequent changes te be made.
Stabilized zirconium oxide insulators may be used above 1950.0, however, fabri-
cation of this material in a shape small enough for this application in quite
difficult (sizey; - 0.125 0.D. and double bore 0.03" bore).

Temperature measurcment and control in the furnaces presents a somewhat
differcnt situation than in the specimen for here it is possible to place Sighting
tubes directly on the dcsired area, For this recascn, all three types of temper-
ature measuring devices were prcvided fer in the upper furnace; optisal pyrometer,
radiation pyrometer and tungsten-molybdenum thermocouple; sco that the merrits of
cach might be determined and the proper means sclecteds In the lower furnace a
platinum - platinum rhodium thermocouple was used as the measuring devices The
control ef temperature in both furnaces was obtained by manual adjustment of power
input. Fairly long perieds of time were regquired to stabilize the temperature in
thesc furnaces so that equilibrium temperature could be maintained prior W entyy

of the specimen.

Relative Expense of the Unit - Into the design and construction of this unit went

the following compenents of cest:
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1. Engineering time - 1L man days
2. Labor %ime -5 ®» w
3. Material Costs =
A.. Furnace assembly minus temperature measuring devices = $709.00

B.. Power transformers - $1809,20

Operating Techniques

A discussion of the operation of these apparatuses will be confined to
the high temperature thermal diffusivity set-up for in this device is embodied all
of the techniques involved in the operation of both unitse The high temperature
aprc.ratus is operated in the following manneri

I, Establishment of temperature in furnaces.

A+ Upper furnace =
1. Start water through water csoled terminals.
2, Start neutral gas flowing into furnace thru gas
intake at top of furnace.
3. Close radiation damper between furnacess
Le Turn on power to furnace.
Se Observe hot chamber with optical pyrometer and bring
temperature up to desired operational point by
adjusting thc power inpute
6. Allow furnace to ceme to equilibrium temperature conditions,
NOTE: When the W-dfo thermecouple is used, a neutral gas is supplied to the couple
at. all times.
B.. Lower furnacc =
l.- Start water through lower water cooled ringe

2,: Block off sample entrancc port at bottom of furnace.



3., Determine temperature of the furnace with temperature
measuring device on platinum - platinum rhodium
thermocouple and bring temperature up to desired
operational point by adjusting the power inpute (The
small temperature difference between the ‘emperature of
this thermocouple and the temperature of the interior
has previously been determined arnd this differensce
allowed for)e.

L. Allow furnace to come to equilibrium temperature condition.

II. Preparation of specimen on supporte

A. Place previously annealed and calibrated W-Mo thermocouple inside
graphite support tube with wires attached to precision potentiomcters

B. Position the spccimen on the thermocouple end which protrudes
from the graphite tube so that when the bare bead of the thermoocouple is just
touching the bottom of the hole in the specimen, the base of the spccimen is
resting on the top of the graphite support tube. (See insert on Figure 2).

C. Sct screws at the bottom of the graphite tube suppert may then
be tightcned thus fixing the position of the thermocouple.

D. A neutral gas is introduced into the gas intake port at the base
of the graphite suppert tube, and nplastisene® is placed around the point at which
the thermocouple wires leave this tube to seal off the gas flowe

B. The tempcraturc of the specimcn i rccorded and the ee.mefs of

the thermocouple in the specimen is reade

III. Measurement of thermel constants..
A. A neutral gas is started through the lower furnace and the block

removed from the specimen entrance porte



B. The racking device is used to position the specimen in the
temperature control zone of the ilower furnace, and the sliding stopper positiéned
in the water coolad ring to seal off the bottom of the furnace. |

Ce 2ero time is indicated as the specimen reaches this positions
The tims is then recorded for that point in the specimen to reach certain prears
ranged e.m.f.'s (temperatures). These e.mef.'s having been selected for each
specimen so that the operator of the precision potentiometer is physically able tc
make the temperature readings accurately. The temperature coefficient of e.mefs is
beth negative and positive in the température range below 1100°C thus requiring a
potentiometer which will makc thesc rcadings possible with the greatest speed and
convenience possible. It is neccssary to supply additional power to the furnace
during this operation tc maintain a constant temperaturc in the control zore during
the test run..

D.. After the spccimen has reached the equilibrium temperature of
the lower furnace the movement to the upper furnace may be nades The radiation
damper is moved to clcar the opcning and the racking device used to position the
specimcn in the controlled temperaturc zone of the upper furnacc, The slidihg

seal at the bottom of the lower furnace fixes the seal of thc systems

B. Zero time is indicatcd as thé spccimen reached this posivion

“

The same procedure is then followed as for the lower temperature furnaee and the
times to reach prearranged temperatures recorded,

F. After the specimen has reached the equilibrium temperature of
the upper furnace the test run is completed and the racking device may be used to
remove the specimen from the furnaces as quickly as the thermal shock resistance
of the material will permit, The furnace and the neutral gas may be turned off
as the temperature permitse

It is necessary tc establish three heating curves cbtained in the above

described manner, each curve being obtained using a different position of the

O



thermocouple in the specimen. From these heating curves it is possible to make

s

nd therms

the - caleculations for Riot's modulus, surfase heat transfer coefficien
diffusivity. Of course, if the heat capacity and demsiiy of the material is known, |

at these temperatures, it is then possible to calculate thermal conductivity also,

Summary

Thermal data obtained in the temperature range up to 1LODC ﬁsing the
first low iemperature device indicated that measurements at high temperatures were
feasible, The manner in which the construction of the second device was developed
has been covered, setting forth the wany problems at each stage of the development
and the solution obtained. The device constructed makes possible the measurement
of Biot's modulus, surface heat transfer coefficient and thermal diffusivity up te
the temperature limit of the insulation materizl used on the thermoccuple., Twe
sets of thermal data, one at lower temperature and one at high temperature, may be
obtained using the same set-up. Thcse measurements may be made in approximately

one hour after the furnaces have reached thermal equilibrium,
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